Abstract. In a previous study using a microRNA (miRNA/miR) microarray assay, we demonstrated that miR-133b-5p was upregulated in response to hypoxic preconditioning (HPC). The present study was designed to investigate the role of the miR-133b-5p in HPC-induced cardioprotection and the underlying mechanisms involving caspase-8 and caspase-3 apoptotic signaling. Adult rats were subjected to myocardial ischemia/reperfusion (I/R) injury with or without ischemic preconditioning (IPC), and the level of miR-133b-5p in myocardium was measured. Neonatal rat cardiomyocytes were isolated and subjected to hypoxia/reoxygenation (H/R) injury, with or without HPC. miR-133b-5p antagomir was transfected into the cardiomyocytes to observe whether it could block HPC-induced cardioprotection. Cellular injury was evaluated by detecting cell viability, lactate dehydrogenase (LDH) activity and apoptotic rate. Reverse transcription-quantitative polymerase chain reaction was used to measure the level of miR-133b-5p. The activation of caspase-8 and caspase-3 were measured by western blot analysis to detect the cleaved fragments as well as a colorimetric assay. Following myocardial I/R injury, the expression of miR-133b-5p was decreased in myocardium, while this decrease was restored by IPC. HPC protected neonatal rat cardiomyocytes against H/R injury by increasing cell viability, while reducing LDH release and cell apoptosis. These protective effects were coupled with the upregulation of miR-133b-5p. However, the knockdown of miR-133b-5p in the cardiomyocytes blocked HPC-mediated cardioprotection as reflected by the aggravation of cell injury and apoptosis. HPC upregulated miR-133b-5p level was markedly suppressed by the antagomir. In addition, the cleavage and activities of caspase-8 and caspase-3 were inhibited by HPC while reversed by knockdown of miR-133b-5p. Upregulation of miR-133b-5p contributes to HPC-mediated cardioprotection in cardiomyocytes, and the mechanism may be associated with inhibition of caspase-8 and caspase-3 apoptotic signaling.
Introduction
Reperfusion after cardiac ischemia increases cell death and infarct size (IS), called myocardial ischemia/reperfusion (I/R) injury, which is the main cause of myocardial injury during the cardiac surgery particularly in coronary artery bypass graft surgery (1, 2) . Hypoxia/reoxygenation (H/R) as well as hypoxic preconditioning (HPC) is widely used for simulating in vivo myocardial I/R and ischemic preconditioning (IPC) in a cell culture model. In addition, inhaled hypoxic air preconditioning including intermittent hypoxia has been suggested a potential non-pharmacological therapeutic intervention to improve some cardiovascular diseases such as hypertension, myocardial infarction. Such HPC may enhance cellular tolerance to subsequent hypoxia-induced oxidative stress, simulating the protective effects of IPC, taking advantage of convenient and non-invasive intervention (3, 4) . In recent years, HPC has been extensively studied and established to be cardioprotective against H/R injury, which involves many factors including oxygen transport, energy metabolism, redox balance, stress protein and protein kinase signaling, adenosine release, ATP-sensitive potassium channels, mitochondrial function, control of calcium levels, and nitric oxide production (5-7). However, the detailed mechanisms underlying HPC are not fully understood.
MicroRNAs (miRNAs/miRs) are endogenous, singlestranded, small (approximately 22 nucleotides in length) noncoding RNA molecules that play an important and ubiquitous role in regulating genes expression. , bind to the 3' untranslated region (UTR) of their mRNA targets and downregulate gene expression via mRNA degradation or translational inhibition (8) (9) (10) . So, miRNAs may influence many cellular activities. Indeed, miRNAs have been shown to be actively involved in the coordination of almost all major cellular processes, such as differentiation (11) , proliferation (12), metabolism, and apoptosis (13) . Also, cumulating evidence suggests critical roles for miRNAs in various types of heart disease, including cardiac hypertrophy (14, 15) , heart failure (16), and myocardial infarction (17) (18) (19) . miR-133 is one of the most studied and best characterized miRNAs, specifically expressed in cardiac and skeletal muscle (20) . The miR-133 family contains two members of miR-133a and miR-133b, sharing an almost identical sequence. miR-133a is known as an important anti-apoptotic miRNA in myocardial I/R where it attenuates apoptosis of cardiomyocytes by targeting the apoptosis-related gene caspase-9 (21, 22) . The mechanism of miR-133b regulating apoptosis in the myocardium, however, has yet to be elucidated. In the present study, we knocked down the expression of miR-133b-5p in cardiomyocytes by using its specific antagomir, in order to examine the role of miR-133b-5p in HPC-mediated cardioprotection and the underlying mechanisms involving caspase apoptotic signaling.
Materials and methods

Animals.
All animal experiments were approved by the Institutional Animal Care and Use Committee of Anhui Medical University. Adult Sprague-Dawley (SD) rats (250±30 g) were maintained on a 12 h light/12 h dark cycle at an ambient temperature of 22±2˚C, with food and water available ad libitum. All animal experimental procedures were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996).
In vivo I/R injury. Myocardial I/R was performed in vivo by 30 min of ligation of the left anterior descending coronary artery followed by 2 h of reperfusion, as previously described (23) . IPC was performed by three cycles of 5 min of ischemia intermitted by 5 min of reperfusion before I/R injury. At the end of reperfusion, heart slices were stained by 1% triphenyl tetrazolium chloride (TTC) for measuring IS. The total volumes of the left and right ventricles (LV+RV), the area at risk (AAR), and IS were measured by a blinded investigator using Image J software (NIH, USA). In other animals, heart tissue samples were taken from left ventricular myocardium for miRNA detection by RT-qPCR.
Isolation of neonatal cardiomyocytes and treatment.
Neonatal rat cardiomyocytes were isolated from the hearts of 1-3 days old Sprague-Dawley (SD) rats. The newborn rats were killed by cervical dislocation. The isolated cardiomyocytes were obtained and cultured using the method described previously by Suh et al (24) . Briefly, hearts excised from the rats were minced into pieces, and then digested with 0.125% trypsin and 0.1% type II collagenase. The cell suspensions were collected and incubated for 2 h to reduce fibroblast contamination. Then, the non-adherent cardiomyocytes were seeded to dishes and cultured in Dulbecco's modified Eagle's medium/F12 (DMEM/F12) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin. The medium was supplemented with 100 µmol/l 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO, USA) in order to increase the purity of cardiomyocyte.
H/R injury in cardiomyocytes.
To induce H/R injury, neonatal rat cardiomyocytes were incubated in glucose-free Tyrode's solution containing (in mmol/l) 139 NaCl, 4.7 KCl, 0.5 MgCl 2 , 1.0 CaCl 2 , and 5 HEPES, pH 7.4, and exposed to 95% N 2 + 5% CO 2 for 4 h using a hypoxia chamber (Stemcell Technologies, Inc., Vancouver, BC, Canada) followed by 2 h reoxygenation under normal culture conditions. The cells cultured under a normoxic atmosphere served as a control. HPC was carried out by 10 min hypoxia and 30 min reoxygenation before the lethal hypoxia.
Transfection of miR-133b-5p antagomir in neonatal cardiomyocytes. Neonatal rat myocardial cells were cultured in DMEM-F12 medium containing 10% FBS, with transfection of miR-133b-5p antagomir or antagomir negative control (NC; Guangzhou RiboBio Co., Ltd., Guangzhou, China) using Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to procedures the manufacturer recommended (25) . After 24 h transfection, the medium was changed and the cells were then subjected to H/R injury with or without HPC.
Cell viability and lactate dehydrogenase (LDH) activity assessment.
Neonatal rat cardiomyocytes were plated in the 96-well plates. Cell viability was evaluated by Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan), and the extent of cell injury was determined by detecting the release of LDH in culture medium using a LDH Activity Assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Cell viability and injury were assayed according to the manufacturer's instructions.
Annexin V-fluorescein isothiocyanate (FITC)/ prodium iodide (PI) flow cytometry. Cell apoptosis was detected by
Annexin V-FITC/PI staining kit (Biouniquer Technology, Beijing, China) as described before (26) . After treatment, the myocytes were collected, washed twice with ice-cold phosphate-buffered solution (PBS). Then, 500 µl of binding buffer was added to resuspend the cells and 5 µl Annexin V-FITC and 5 µl PI were added and mixed. The reaction was conducted in dark at room temperature for 15 min and analyzed with a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) and FCS Express V3.0 software.
RT-qPCR.
The total RNA was extracted from the heart tissues or cardiomyocytes using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and quantified by spectrophotometry. miR-133b-5p level was measured by All-in-One™ miRNA RT-qPCR Detection kit (GeneCopoeia, Inc., Guangzhou, China) as previously reported (26) . The stably expressed U6 was used as the endogenous control. The PCR analysis was performed in a real time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. In each experimental run, double-distilled H 2 O was served as the NC. Relative quantization was expressed as fold-induction compared with control conditions. Dissociation curves were generated after each run to confirm amplification of specific transcripts. Relative gene expression levels were calculated by the 2 -∆∆Cq (27) .
Western blot analysis. After treatment, the cells were harvested and the total protein was extracted by standard procedures and then quantified by the bicinchoninic acid (BCA) protein assay (Pierce; Thermo Fisher Scientific, Inc.). A total of 25 µg total protein was subjected to 10% SDS-PAGE gel followed by electrotransfer onto polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA Caspase-8 and caspase-3 activity assay. The activities of caspase-8 and caspase-3 were determined by caspase-8 and caspase-3 Colorimetric Assay kit (RayBiotech, Norcross, GA, USA) as the manufacturer's instructions. The cells were collected and lysed by cell lysis buffer followed by centrifuging at 10,000 g for 5 min at 4˚C. After assaying protein concentration, 100 µg of protein was added in 50 µl cell lysis buffer. Next, the reaction buffer and 5 µl of IETD-ρNA substrate (caspase-8) or DEVD-ρNA substrate (caspase-3) were added to the lysis buffer. The reaction mixtures were incubated at 37˚C for 2 h followed by detecting the activities of caspase-8 and caspase-3 at 405 nm in a microtiter plate reader.
Statistical analysis. Data are expressed as mean ± SEM based on at least three independent experiments. Statistical analysis was performed using one-way ANOVA with a Tukey's test by SPSS 10.0 for Windows (SPSS, Inc, Chicago, IL, USA). P<0.05 was considered significant.
Results
IPC upregulates the expressional level of miR-133b-5p in rat myocardium after I/R injury.
Representative photographs of heart sections stained by TTC in each group are presented. The non-ischemic area stained blue and AAR was brick red while IS was white (Fig. 1A ). There were no significant difference in AAR/(LV+RV) between each group in rats (Fig. 1B) . IPC significantly reduced IS/AAR caused by I/R injury (Fig. 1C) . Upon the exposure of rat hearts to I/R, the expression of miR-133b-5p was decreased in myocardium, while IPC markedly upregulated the level of miR-133b-5p (Fig. 1D) .
HPC-mediated cardioprotection against H/R injury is accompanied with the upregulation of miR-133b-5p.
Upon the exposure of neonatal cardiomyocytes to H/R injury, the viability of cardiomyocytes was noticeably decreased ( Fig. 2A) while the LDH level elevated (Fig. 2B ). In addition, the percentage of cells at early apoptotic stage as shown in the lower right quadrant was increased following H/R injury ( Fig. 2C and D) . HPC significantly increased cell viability, reduced LDH levels as well as early apoptotic rate. The level of miR-133b-5p was markedly reduced due to H/R injury, but restored by HPC (Fig. 2E) .
Knockdown of miR-133b-5p blocks the protective effects of HPC.
To examine whether HPC-induced cardioprotection is dependent on miR-133b-5p, the antagomir that mediates specific silencing of endogenous miR-133b-5p were transfected into neonatal cardiomyocytes. The transfection efficiency of the antagomir was above 80%, which was monitored with a Cy3-labelled (red) control (Fig. 3A) . As expected, the miR-133b-5p antagomir largely decreased the level of miR-133b-5p in the cardiomyocytes (Fig. 3B) . When the expression of miR-133b-5p was knocked down by the antagomir, the cardioprotective effects of HPC were obviously attenuated. Cell viability was reduced (Fig. 4A ) while LDH level (Fig. 4B ) and apoptotic rate (Fig. 4C and D) were raised. Meanwhile, the upregulation of miR-133b-5p by HPC was markedly suppressed by the miR-133b-5p antagomir (Fig. 4E) . caspase-3. As one of the target genes of miR-133b-5p, the expressional levels of Fas mRNA and protein that decreased by HPC were both reversely raised due to the knockdown of miR-133b-5p ( Fig. 5A and B) . We next examined whether the apoptosis regulators of caspase-8 and caspase-3, downstream of Fas death receptor, were regulated by miR-133b-5p. Using western blot method, we detected the cleaved fragments of caspase-8 and caspase-3, which represents their activation. As shown in Fig. 5C and D, the full length caspase-8 (57 kDa) was strongly upregulated upon H/R injury, while its level was not affected by HPC or miR-133b-5p antagomir. The enhanced cleavage of caspase-8 (43 kDa) was suppressed by HPC but reversed by the miR-133b-5p antagomir. Interestingly, the level of full length caspase-3 (35 kDa) was reduced but the cleaved caspase-3 (17 kDa) was markedly strengthened in response to H/R injury. However, the pro-caspase-3 (full length) level was restored while the activated caspase-3 (cleaved) was weakened by HPC, and these effects were abolished by knockdown of miR-133b-5p (Fig. 5E and F) .
Effects of miR-133b-5p antagomir on the levels of Fas mRNA/protein and the cleavages of caspase-8 and
Effects of miR-133b-5p antagomir on the activities of caspase-8 and caspase-3.
The activation of caspase-8 and caspase-3 was further detected by colorimetric assay in which the activities of caspase-8 and caspase-3 were determined by their cleavage capability of the labeled substrates. According to Fig. 6A and B, we found that both caspase-8 and caspase-3 were activated following H/R injury, whereas their activities were significantly inhibited by HPC. However, knockdown of miR-133b-5p recovered the activities of both caspase-8 and caspase-3 in cardiomyocytes.
Discussion
Cardiomyocyte apoptosis represents a critical event during myocardial ischemia and reperfusion. Growing evidences show that a number of miRNAs can promote or inhibit cardiomyocyte apoptosis via regulating the downstream target genes and signaling pathways (28) . In the present study, by using miR-133b-5p antagomir, we demonstrated that miR-133b-5p contributed to HPC-induced cardioprotection against H/R injury in cardiomyocytes by inhibiting the activation of capase-8 and caspase-3 apoptotic signaling.
We first found that the expressional level of miR-133b-5p was reduced following in vivo myocardial I/R injury, while this reduction was restored by IPC treatment, which suggests a potential role of miR-133b-5p in cardioprotection. In neonatal rat cardiomyocytes, HPC conferred cardioprotection against H/R injury by improving cell viability while decreasing LDH release and cell apoptosis. This protective effect was coupled with the upregulation of miR-133b-5p, indicating that HPC may exert cardioprotection, in partly, by upregulating miR-133b-5p. Previous study reported that the plasma levels of miR-133a and miR-133b were upregulated following acute myocardial infarction, and this upregulation was consistent with the increase of cardiac troponin I (cTnI), representing a novel marker for cardiac damage (29, 30) . In addition, the levels of miR-133a and miR-133b in myocardium have been found changed during cardiac development, myocardial infarction and heart failure (31) (32) (33) . These make both miR-133a and miR-133b truly valuable therapeutic genes for cardiac injury.
In a previous work, we showed that overexpression of miR-133b-5p in H9c2 cardiomyoblasts protected the cells against H/R injury (26) . In the present study, we applied primary neonatal rat cardiomyocytes, which are more suitable for both simulating in vivo condition and transfecting the antagomir effectively. The most important observation of this study is that the cardioprotective effect of HPC against H/R injury in cardiomyocyte was significantly attenuated by transfection of the miR-133b-5p antagomir. Thus, it is reasonable to speculate that HPC induced cardioprotection was mediated by the upregulation of miR-133b-5p. The finding is in agreement with the previous observation on a cardiac protective role of miRNAs (34). Yin et al (35) reported that an ischemic stimulus induced the expression of miR-1, miR-21 and miR-24, and injection of these IPC-derived miRNAs directly into the left ventricle reduced myocardial IS, indicating that preconditioning induced miRNAs produced a protective phenotype following ischemic injury. Inconsistent with our results, however, miR-133b has been reported to promote apoptosis in several carcinoma cells including lung cancer, renal carcinoma, and osteosarcoma (36) (37) (38) . Moreover, Xia et al (39) recently reported that miR-133b-5p accelerates neuron apoptosis via targeting heat shock protein 70. These discrepancies may due to disease-specific circumstances as well as various cell types applied in different studies.
The activation of caspase-8 and caspapse-3 is reported directly or indirectly regulated by several miRNAs including miR-133 in the process of cardiomyocyte apoptosis (40) . Our recent study using dual luciferase reporter gene technique showed that miR-133b-5p directly targeted Fas gene by interacting with the 3' UTR (26) . Thus, there is no wonder that HPC-reduced expression of Fas mRNA/protein was blocked by the miR-133b-5p antagomir. Fas death pathway has been considered as a critical mediator for cardiomyocyte death and myocardial infarction during myocardial I/R (41, 42) . It is well known that the activation of Fas by extracellular Fas ligand (FasL) in turn activates the pro-apoptotic members of caspase-8 and the downstream apoptosis executors of caspase-3 (43) . The cleavage and activities of caspase-8 and caspase-3 were inhibited by HPC but reversed by the miR-133b-5p antagomir. These results suggest that miR-133b-5p antagomir may indirectly influence the activation of caspase-8 and caspase-3 through regulating Fas gene expression. Otherwise, miR-133b-5p may directly target the post-transcription of caspase-8 and caspase-3, although the interaction mechanisms need to be further explored.
The cleavage and activation of caspase-8 and caspase-3 have been confirmed as critical steps in apoptosis signaling pathway, resulting in DNA degradation and cell apoptosis. In this study, the exposure of cardiomyocytes to H/R led to the cleavage and activation of both caspase-8 and caspase-3, which may in turn result in cardiomyocytes apoptosis. Interestingly, the expression of pro-caspase-3 showed a reduction corresponding to its increased cleavage, while the pro-caspase-8 level was not obviously changed following cleavage. Caspase-8 is the most upstream caspase that is well recognized as the initiator caspase, which directly activates the downstream caspase-3. The effect of caspase-8 on caspase-3 can also be amplified by the mitochondrial signaling when initial caspase-8 activation is low (44) . This may be the reason why the cleavage of pro-caspase-8 is markedly less than those of pro-caspase-3, and thus no apparent change of pro-caspase-8 level can be observed.
It should be noted that we conducted the experiments in neonatal rat cardiomyocytes, and the significance and implications of the results remain need to be verified in an animal model in vivo. Although we found that the expression of miR-133b-5p was also changed in an in vivo rat model of myocardial I/R injury, its role in IPC-mediated cardioprotection still need to be confirmed in future. In addition, the caspase-8 and caspase-3 apoptotic signaling may be controlled by other miRNAs during cardiomyocyte apoptosis, while we could only focused on the miR-133b-5p in the present study.
In summary, our results revealed that HPC induced cardioprotection in cardiomyocyte was, at least partly, dependent on the upregulation of miR-133b-5p, and the mechanisms may be associated with inhibition of caspase-8 and caspase-3 apoptotic signaling. The finding may provide new insight into potential therapeutic application for ischemic cardiac injury.
